Introduction {#s1}
============

The human epidermal growth factor receptor family is comprised of four known members (HER-1-4). They each perform a variety of normal physiological functions, but can also serve as oncodrivers in tumorigenesis \[[@R1], [@R2]\]. Of these, HER-2 and HER-3 are particularly inter-dependent proteins, since by themselves they are functionally incomplete receptors. For example, HER-2 has no known ligand, while HER-3 lacks kinase activity; but as a heterodimer, they form a highly efficient functional unit that constitutes the most active signaling dimer in this family \[[@R3]\]. HER-2 overexpression in breast cancers is associated with invasiveness, poor prognosis and resistance to chemotherapy \[[@R4], [@R5]\]. HER-3 also plays a critical role in tumor cell growth and proliferation in tumors driven by HER-2 over-expression \[[@R6], [@R7]\]. HER-2 and HER-3 are therefore attractive targets for novel breast cancer treatments, both pharmacological and immunological.

A previous DC1-polarized dendritic cell-based neoadjuvant vaccine trial to treat early breast cancer (HER-2^pos^ ductal carcinoma *in situ*; DCIS) generated strong and durable Th1-polarized immunity against HER-2 \[[@R8], [@R9]\]. Of 27 evaluable patients, five had complete responses (i.e. no evidence of tumor at the time of surgery). In addition, within the patient subset with residual DCIS at the time of surgery, there was evidence of reductions in the area of disease for a number of individuals \[[@R10]\]. Another interesting observation was that for about half of these remaining patients, levels of HER-2 expression decreased, often to nearly undetectable levels \[[@R8], [@R10]\]. These alterations in the tumors were accompanied by lymphocytic infiltrations into the diseased areas of the breast. Of T lymphocytes, CD4^pos^ Th cells made up the majority of infiltrating cells; CD8^pos^ CTLs on the other hand were relatively few. Substantial B-cell infiltrates were also observed. Taken together, these observations suggest an immune-mediated destruction and alteration of tumor cells in many of the vaccinated subjects. At the time of these studies, we interpreted the observed losses of HER-2 expression to be a special vaccine-induced form of the "immunoediting" phenomenon described previously by others \[[@R11], [@R12]\]; HER-2-specific CTL were presumably destroying the HER-2-overexpressing cell population within heterogeneous tumor masses and thus selecting for a residuum of disease that was HER-2^low/neg^ and thus poor targets for continued destruction by the CTL. Although this appeared the most reasonable explanation at the time, there were several unsatisfying elements in this narrative. For example, this reasoning required tumor cell death to be mediated by MHC class I-restricted CTL, yet the CD8^pos^ infiltrates seemed somewhat sparse to account for all the changes to the tumors. In contrast, there were quite sizable infiltrates of CD4^pos^ cells. However these Th cells should not be able to recognize tumor cells directly, due to their MHC Class II-restricted nature, and besides most of the CD4^pos^ cells were observed to congregate just outside the diseased ducts \[[@R10]\] rather than intermingling with the tumor.

An alternate explanation would be that the observed infiltrating MHC class II-expressing B cells would present shed tumor antigens to the vaccine-induced anti-HER-2 CD4^pos^ Th1 cells, and these in turn would produce a soluble factor(s) that could diffuse into the tumor bed and mediate the observed biological effects on the tumor cells. This would allow the Th cells to affect the tumor without direct contact and recognition. But if secreted factors were involved, which ones could they be? The principle Th1 cytokines are IFN-γ and TNF-α, and there is considerable evidence that these can have effects on tumor cells \[[@R13], [@R14]\]. Indeed, a recent manuscript showed that the paired combination of IFN-γ and TNF-α could induce a state of permanent growth arrest in some murine and human cancer cells consistent with senescence \[[@R15]\]. We therefore hypothesized that the combination of IFN-γ and TNF-α could replicate, *in vitro*, the observed anti-breast tumor effects of DC1 vaccination, including induced cell death with associated loss of HER-2 expression. We show in the present studies that the combination of these cytokines can indeed induce in a number of HER family-expressing murine and human breast cancer lines apoptosis, as well as a strong suppression of HER expression, both of which are associated with the activation of caspase-3. The demonstrated *in vitro* action of these paired cytokines can therefore account for most of the observed changes that occur in HER-2^pos^ DCIS as a consequence of Th1 immunity induced through polarized DC1 vaccination.

Results {#s2}
=======

Th1 cytokines prevent growth of murine breast cancer lines {#s2_1}
----------------------------------------------------------

To study the effect of TNF-α and IFN-γ on murine rHER-2^pos^ breast cancer cells, TUBO and MMC15 lines were cultured in the presence of either or both cytokines for up to 96 hours. The rHER-2^neg^ 4T1 line was likewise tested for comparison. Initial studies assessed cell response to cytokines via the Alamar Blue assay, which measures metabolic activity of cells through reduction of the Alamar Blue dye, a change that can be followed spectrophotometrically. We found that both TUBO and MMC15 cell lines metabolized the alamar blue dye at comparable levels when left untreated, or treated with single cytokines ([Figure 1A](#F1){ref-type="fig"} upper and middle panels). However, when treated with both IFN-γ and TNF-α, metabolic activity was dramatically suppressed (*p* \< .001). For 4T1 cells, the differences in metabolic activity between untreated and dual cytokine treated cells were still statistically significant (*p* \< .01), yet very small in magnitude, indicating a relative insensitivity to the cytokines ([Figure 1A](#F1){ref-type="fig"} lower panel).

![Effect of Th1 cytokines on metabolic activity and proliferation of murine breast cancer cell lines.\
TUBO (rHER-2^pos^), MMC15 (rHER-2^pos^) and 4T1 (rHER-2^neg^) cell lines were cultured for 96 hours in the presence of IFN-γ (12.5 ng/ml), TNF-α (1 ng/ml), both cytokines, or left untreated. (**A**) at the 96 hour point, 20 μl Alamar Blue dye (resazurin; 0.7 mg/ml stock solution) was added for 6 additional hours, after which optical densities of supernatants were read at 630 nm (^\*\*^ *p* \</=.01).Results from 3 independent experiments +/− SEM. (**B**) Replicate wells were harvested after 24, 48, 72 and 96 hours of culture, and stained with Trypan Blue. Dye-excluding cells were enumerated microscopically with the aid of a hemocytometer (^\*\*^ *p* \</=.01). Results from 3 independent experiments +/− SEM.](oncotarget-10-6006-g001){#F1}

The Alamar Blue assay indicates differences in metabolic activity between treatment groups, but cannot distinguish whether contrasts are due to variances in aerobic respiration between groups of equally viable cells, differences in cell proliferation between groups over the culture interval, or differences caused by actual cell death. We therefore sought to gain information on cell viability through vital staining and direct microscopic observation of cultures. Cultured cells were treated as before, and observations made every 24 hours over the course of four days. Cultured cells were either harvested each day for Trypan Blue staining and counting, or were subjected to direct photomicroscopy *in situ*. Trypan blue staining of TUBO and MMC15 cells revealed that for untreated or single cytokine-treated groups, cell counts increased steadily over the course of four days ([Figure 1B](#F1){ref-type="fig"} upper and middle panels). For dual cytokine-treated groups, however, no increases in number were seen for either MMC15 or TUBO cells over the course of 96 h. In contrast, 4T1 cells continued to grow vigorously under all conditions ([Figure 1B](#F1){ref-type="fig"} lower panel), and although only small distinctions were apparent at 96 hours between untreated and dual cytokine-treated cells, the difference was nonetheless statistically significant (*p* \< .01). Nonetheless, a dramatic contrast in sensitivity to Th1 cytokines was apparent for 4T1 cells compared with TUBO or MMC15 cells.

Microscopic examination of cultured cells told a similar story. At 24 hours, little difference could be distinguished between the four treatment groups for either TUBO or 4T1 cells ([Figure 2](#F2){ref-type="fig"} upper panels). Even at 48 and 72 hours, although cells were clearly not multiplying, only modest evidence of cell death was apparent by visual inspection (data not shown). However, by 96 hours, not only did TUBO cells treated with both IFN-γ and TNF-α show few adherent, viable cells, but many dead cells were also apparent ([Figure 2](#F2){ref-type="fig"} lower panels). Similar observations were made for MMC15 cells (data not shown). In contrast, no differences could be discerned between any treatment groups for 4T1 cells, confirming a relative lack of sensitivity to Th1 cytokines.

![Photo microscopic study of Th1 cytokine-treated murine breast cancer cells.\
TUBO (HER-2^pos^) and 4T1 (HER-2^neg^) cell lines were cultured for in the presence of IFN-γ (12.5 ng/ml), TNF-α (1 ng/ml), both cytokines, or left untreated. Cells were subjected to photomicroscopy at 24 and 96 hours of culture.](oncotarget-10-6006-g002){#F2}

Differences in sensitivity to Th1 cytokines do not result from differential expression of cytokine receptors {#s2_2}
------------------------------------------------------------------------------------------------------------

We next wanted to rule out the possibility that the differences in sensitivity between TUBO and 4T1 lines could be explained simply by differential expression of Th1 cytokine receptors. We therefore stained both lines with fluorescently-labeled antibodies against IFN-γR1, TNF-αR1, or an isotype-matched control antibody, and analyzed the cells via flow cytometry (Supplementary Figure 1). We found that both cell lines displayed modest, yet comparable levels of cytokine receptors, indicating that the differences in sensitivity between the two lines cannot be explained by differential expression of cytokine receptors.

*Th1 cytokines induce* apoptotic cell death {#s2_3}
-------------------------------------------

To determine whether the effects of Th1 cytokines are due to induction of apoptosis, TUBO, MMC15 and 4T1 cells were once again cultured with no treatment, or exposed to single or dual Th1 cytokines. Cells were then harvested at 72 hours post-treatment and stained with FITC-AnnexinV and propidium iodide (PI), then subjected to flow cytometric analysis. These studies showed that TUBO and MMC15 cells treated with both IFN-γ and TNF-α displayed significantly greater populations of AnnexinV^pos^/PI^pos^ (apoptotic) phenotype, as compared with untreated cells or single cytokine-treated cells ([Figure 3A](#F3){ref-type="fig"}). On the other hand, 4T1 cells did not display significantly enhanced levels of AnnexinV^pos^/PI^pos^ cells in response to Th1 cytokines, indicating insensitivity to cytokine-induced apoptosis.

![Induction of apoptosis by Th1 cytokines.\
(**A**) TUBO, MMC15 and 4T1 cells left untreated, or treated with TNF-α (1 ng/ml), IFN-γ (12.5 ng/ml) or both cytokines and cultured for 96 hours. Cells were then harvested and stained with Annexin V and PI and subjected to flow cytometric analysis. Values represent percentage of double-staining (apoptotic) cells +/− SEM. (**B**) TUBO and 4T1 cells were cytokine-treated and cultured as before. Harvested cells were formaldehyde-fixed and labeled with biotinylated nucleotides, then stained with FITC-labeled streptavidin and subjected to flow cytometric analysis. Upper panels display histogram analysis from a single representative of labeling for untreated (gray trace) versus cytokine-treated (black trace) cells. Lower panel represents summary analysis of 3 separate experiments, expressed as percent maximum mean fluorescent index +/− SEM (^\*\*^ *p* \</=.01; n.s. not significant).](oncotarget-10-6006-g003){#F3}

We confirmed the apoptotic nature of cytokine-induced cell death via the TUNEL assay, which detects DNA damage through enzyme-mediated repair with a biotin-labeled nucleotide analog, the incorporation of which can be detected using fluorescently-labeled streptavidin via flow cytometry. Here, TUBO and 4T1 cells were left untreated, or treated with dual Th1 cytokines for 96 hours, harvested, subjected to TUNEL labeling, and analyzed by flow cytometry ([Figure 3B](#F3){ref-type="fig"}, upper panels). It was evident via histogram analysis that the incorporation of labeled nucleotide was increased for cytokine-treated TUBO cells (dark histogram traces) compared with untreated cells (light histogram traces). In contrast, for 4T1 cells, the fluorescent intensity for untreated and cytokine-treated cells were virtually identical, as evidenced by the overlapping nature of their respective histograms, indicating no differences in labeled nucleotide incorporation. Analysis of 3 independent experiments including nuclease- and Actinomycin D-treated positive controls showed that statistically significant (*p* \< .0001) enhancements in labeling occurred only with cytokine-treated TUBO cells but not 4T1 cells ([Figure 3B](#F3){ref-type="fig"}, lower panels), even though both lines showed enhanced incorporation of label after treatment with Actinomycin D. These studies provided strong evidence that Th1 cytokine-induced death was occurring through an apoptotic mechanism.

Th1 cytokines induce caspase-3 activation {#s2_4}
-----------------------------------------

To determine critical components of the underlying pathway for cellular apoptosis, we investigated the involvement of executioner caspases, which are intimately linked to most known downstream apoptotic processes. Caspases exist in inactive, high molecular weight pro-forms which must be cleaved proteolytically into active, lower molecular weight, components. Both of these forms can be individually detected via Western Blot analysis. Cultured TUBO and 4T1 cells were treated with either dual Th1 cytokines, actinomycin D (positive control) or left untreated. After 5 hours, cells were harvested, extracted, proteins separated via SDS-PAGE and analyzed via Western Blot for expression of pro-caspase 3 (32kDa form), activated caspase3(17kDa form) and β-actin (loading control). For TUBO cells, we found that dual Th1 cytokine treatment resulted in statistically-significant (*p* \< .03) decrease in pro-caspase 3 levels, comparable to that induced by actinomycin D ([Figure 4A](#F4){ref-type="fig"}), while levels of the active form correspondingly and significantly (*p* \< .001) increased ([Figure 4B](#F4){ref-type="fig"}). In contrast, we did not detect any cytokine-induced diminution of procaspase 3 in the insensitive 4T1 cells (Supplementary Figure 2), nor did we detect activation of other caspases, including caspase 1, caspase 6 and caspase 7 in TUBO cells (data not shown). These studies show that treatments that induce apoptosis in sensitive lines also activate the executioner caspase, caspase-3, thereby suggesting that it may have a role in apoptotic cell death induced by Th1 cytokines.

![Th1 cytokine-induced activation of caspase-3.\
TUBO cells were cultured alone, in the presence of TNF-α plus IFN-γ, or with actinomycin D for 5 hours, harvested, and subjected to Western blot analysis using anti-procaspase 3 (**A**), or anti-activated (cleaved) caspase-3 (**B**). Upper panels represent combined data from 3 separate experiments +/− SEM; lower panels contain sample Western blot from a single representative experiment (^\*^ *p* \</= .05; ^\*\*^ *p* \</=.01).](oncotarget-10-6006-g004){#F4}

Th1 cytokines induce down-regulation of surface HER receptors for many breast cancer lines {#s2_5}
------------------------------------------------------------------------------------------

We demonstrated in the previous experiments that the combination of IFN-γ and TNF-α was capable of inducing apoptotic cell death in rHER-2^pos^ cell lines, confirming the first part of our hypothesis that soluble factors secreted by Th1 cells could account for the clinical effects of DC1 vaccination. We now turned our attention to the effect of these cytokines on the expression of HER family members. We began our studies with the TUBO line. Cultured cells were treated with cytokines, incubated for 72 hours (a time point preceding maximal cell death), harvested, and stained with anti-rHER-2 antibodies. Flow cytometric analysis showed that dual cytokine treatment led to a strong down-modulation of surface rHER-2 expression in these cells; a representative experiment is shown in [Figure 5A](#F5){ref-type="fig"}. This loss was selective for rHER-2, since levels of the common epithelial cell marker EpCAM were also monitored and not only failed to drop, but actually increased slightly (Supplementary Figure 3). Interestingly, when cytokines were removed after this 72-hour exposure (prior to widespread cell death) by replacing the culture medium, the surviving rHER-2 suppressed cells were able to recover over the course of 48 hours of additional culture to begin proliferating and re-expressing surface HER-2 ([Figure 5A](#F5){ref-type="fig"} lower panel). This experiment was repeated a total of 3 times, with statistically significant HER-2 loss induced by dual cytokine treatment (*p* \< 0.0001), and recoveries of rHER-2 expression after cytokine withdrawal not significantly different (*p* = .443) from untreated cells ([Figure 5B](#F5){ref-type="fig"}). We also examined human breast cancer cell lines for cytokine-induced suppression of surface HER family members. The HER-2^pos^ line SKBR3 demonstrated somewhat less dramatic, yet statistically-significant reductions (*p* \< 0.005) in HER-2 surface expression ([Figure 5C](#F5){ref-type="fig"}), while the HER-2^neg^/HER-3^pos^ cell line MDA-MB-468 showed strong down-regulation of surface HER-3 expression ([Figure 5D](#F5){ref-type="fig"}) in response to paired Th1 cytokines. It should be noted that not all breast cancer cell lines tested posted significant losses in HER-family expression. For example, murine MMC15 cells retained baseline HER-2 expression despite sensitivity to cytokine-induced cell death (not shown). These studies nonetheless indicate that the combination of IFN-γ and TNF-α are capable of inducing, for many breast cancer lines, reductions in surface expression of HER family proteins *in vitro*, similar to what is observed *in vivo* with DC-based vaccinations that induce strong Th1 immunity.

![Th1 cytokines alter HER-family expression on murine and human breast cancer cells.\
(**A**)TUBO cells were cultured alone or in the presence of TNF-α and IFN-γ for 72 hours, harvested and analyzed for HER-2 expression via flow cytometry (upper 3 panels). Replicate treated wells were washed free of cytokines at the 72 hour point and cultured an additional 48 hours, demonstrating the recovery of HER-2 expression (lower panel). (**B**) Summary of 3 separate trials with TUBO cells illustrating cytokine-induced HER-2 loss as well has recovery after cytokine withdrawal. Values represent percent maximal fluorescence +/− SEM from 3 separate experiments. (**C**) Human HER-2^pos^ SKBR3 cells were cultured alone or with TNF-α (1 ng/ml) plus IFN-γ (12.5 ng/ml) for 72 hours, harvested, and analyzed for HER-2 expression via flow cytometry. Values represent percent maximal fluorescence +/− SEMfrom 3 separate experiments. (**D**) Human HER-2^neg^/HER-3^pos^ MDA-MB-468 breast cancer cells were cultured alone or in the presence of TNF-α plus IFN-γ for 72 hours, harvested, and analyzed for HER-3 expression via flow cytometry (^\*\*^ *p* \</=.01).](oncotarget-10-6006-g005){#F5}

Loss of HER-2 expression is associated with apoptotic cell death {#s2_6}
----------------------------------------------------------------

The preceding experiments indicated that paired Th1 cytokines induce both apoptotic cell death and down-regulation of surface HER-2 expression in a variety of murine and human breast cancer lines. We next sought to determine how closely this loss of growth factor receptor was associated with cell death. To accomplish this, we focused on the human SKBR3 cell line. These cells were cultured in the presence and absence of IFN-γ plus TNF-α for 48 hours, harvested, and stained simultaneously with fluorescently-labeled APC-conjugated anti HER-2 antibody, FITC-labeled AnnexinV and propidium iodide (PI), then subjected to multicolor FACS analysis. As before, untreated cells expressed high levels of surface HER-2 protein ([Figure 6](#F6){ref-type="fig"}, upper left panel). For cytokine-treated SKBR3 cells, HER-2 expression is starting to be suppressed at 48 h, but the histogram at this time point reveals bimodality, with a population of cells clearly down-regulating surface HER-2, and another yet retaining high expression. This bimodality allowed us to define logical gates for high HER-2 expression versus low/negative HER-2 expression, and to analyze these populations separately for markers of apoptosis ([Figure 6](#F6){ref-type="fig"} lower panels). We found that the HER-2^hi^ populations had few AnnexinV^pos^/PI^pos^ cells, with the vast majority in the viable, double-negative quadrant ([Figure 6](#F6){ref-type="fig"} lower right panel). In contrast, with the HER-2^low/neg^ population, the situation was completely reversed, with high numbers of AnnexinV^pos^/PI^pos^ (i.e. apoptotic) cells, and few remaining viable, double-negative events ([Figure 6](#F6){ref-type="fig"} lower left panel). This study indicates a close association between down-regulation of HER-2 expression and apoptotic cell death for SKBR3 cells.

![Loss of HER-2 expression is associated with apoptosis.\
SKBR3 cells were cultured alone or with TNF-α and IFN-γ for 48 hours, harvested, and simultaneously stained with APC-conjugated anti-HER-2 antibody, Annexin V and PI and analyzed via flow cytometry. Upper left; expression of HER-2 in untreated group, upper right; expression of HER-2 in cytokine-treated group. For cytokine-treated group, two gates were defined. M1 gate contained cells with depressed HER-2 expression, M2 contained cells with high retained HER-2 expression. These separate populations were individually analyzed for Annexin V and PI staining (lower panels). Histograms and associated dot plots representative of 3 separate experiments with similar results.](oncotarget-10-6006-g006){#F6}

Small molecule agonists of caspase 3 mimic, while its inhibitors block, Th1 cytokine effects {#s2_7}
--------------------------------------------------------------------------------------------

The preceding studies indicated that Th1 cytokine-treated cells lose HER-2 surface expression and die through an apoptotic mechanism, while activating the executioner caspase-3. They do not prove, however, that caspase 3 activity is essential to these processes. We therefore sought to further delineate the role of caspase 3 by testing whether small molecule agonists of this caspase were capable of mediating the same biological effects on breast cancer lines as Th1 cytokines, and whether the effects of cytokines could be blocked by antagonists of caspase 3. We began these studies by examining the effects of PAC-1, a highly selective caspase-3 agonist, on the Th1 cytokine-sensitive murine TUBO cells, and insensitive murine 4T1 cells, as well as sensitive human lines SKBR3 and MDA-MB-468. Cells were cultured in the presence of activator (10 µM), dual Th1 cytokines, or medium alone for 72 hours. Cells were then harvested and stained with Annexin V and propidium iodide to determine apoptotic status, while TUBO and SKBR3 cells were also stained with either anti-rat or anti-human HER-2 antibody, and MDA-MB-468 cells were stained with anti-HER-3 antibody. The 4T1 cells, because of their HER-negativity, did not receive these additional stains. All cell preparations were then subjected to flow cytometry. Analysis indicated that, as expected, 4T1 cells did not undergo apoptosis in response to Th1 cytokines ([Figure 7A](#F7){ref-type="fig"}, upper left panel). They were, however, sensitive to PAC-1; on average half of the cells treated with this agonist became double-positive for Annexin V and PI at this timepoint compared with untreated cells. On the other hand, TUBO, SKBR3 and MDA-MB-468 cells all underwent significant apoptosis in response to both PAC-1 and Th1 cytokines ([Figure 7A](#F7){ref-type="fig"} upper center and right panels). Interestingly, PAC-1 also induced loss of HER-2 expression in TUBO and SKBR3 cells comparable to that caused by Th1 cytokine exposure, and also elicited a similar loss of HER-3 in MDA-MB-468 cells ([Figure 7A](#F7){ref-type="fig"} lower panels), suggesting caspase 3 activation precedes HER loss.

![Caspase 3 agonist induces apoptosis and HER-family loss while caspase 3 antagonist prevents cytokine-induced HER-2 loss in breast cancer cell lines.\
(**A**) Murine 4T1 and TUBO, and humanSKBR3 and MDA-MB-468 cells were cultured alone, with Th1 cytokines, or with caspase-3 agonist PAC-1 (10 μM). Murine lines were harvested 72 hours post-treatment, and human lines 48 hours post-treatment, stained with FITC-Annexin V, PI (upper panels) or with anti-HER antibodies (lower panels), and subjected to flow cytometric analysis. Values are expressed as % total apoptotic cells (AnnexinV^pos^/PI^pos^), and percent maximal HER expression +/− SEM. (**B**) TUBO cells were cultured alone or in the presence of IFN-γ plus TNF-α. To these groups were added either no additional treatment, caspase-1 inhibitor (50 μM), or caspase 3/7 inhibitor I (50 μM). Cells were incubated for 72 hours, harvested, and stained for HER-2 expression and analyzed via flow cytometric analysis. Results are expressed as % HER-2^pos^ cells +/− SEM (^\*^ *p* \</=.05; ^\*\*^ *p* \</=.01; n.s. not significant).](oncotarget-10-6006-g007){#F7}

We next turned our attention to caspase antagonists. TUBO cells were treated with Th1 cytokines alone, cytokines plus the caspase 3/7 antagonist (5-\[(S)-(+)-2-(Methoxymethyl)pyrrolidino\]sulfonylisatin) or as a control, Th1 cytokines plus the Caspase I inhibitor VI (Z-VAD-fmk). After 72 hours, TUBO cells were harvested, stained for surface rHER-2 and subjected to flow cytometry analysis. As expected, we replicated Th1 cytokine-induced loss of rHER-2 expression on TUBO cells ([Figure 7B](#F7){ref-type="fig"}). This loss was not prevented in the presence of the Caspase I inhibitor. However, TUBO cells treated with the Caspase 3/7 inhibitor did not show any evidence of cytokine-induced loss of rHER-2, strongly suggesting a critical role for caspase-3 in the loss of HER-2 surface expression.

Discussion {#s3}
==========

At one time, CD8^pos^ CTL were considered to be the most important effector lymphocytes for the control of tumors. However, it is becoming increasingly clear that CD4^pos^ Th cells, particularly those of the IFN-γ^hi^/TNF-α^hi^ Th1 phenotype, play a critical and in some instances a possibly defining role in anti-tumor immunity \[[@R16]\]. In addition to our vaccine studies, our group has recently discovered a number of surprising associations between Th1 immunity and breast cancer. For example, we have demonstrated in healthy donors a surprisingly high degree of pre-existing Th1 immunity against HER-2. Interestingly, this immunity is diminished in patients with early HER-2^pos^ breast cancer (DCIS), and further depressed, sometimes to the point of non-detection, in patients with more advanced invasive HER-2^pos^ tumors \[[@R17]\]. Such losses are not observed in those with HER-2^neg^ breast disease. In follow-on retrospective studies, patients who had invasive HER-2^pos^ breast cancer were treated with neoadjuvant chemotherapy plus trastuzumab \[[@R18]\]. A fraction of these patients achieved pathologic complete responses (pCr) to therapy; i.e. no tumor was detectable after completion of drug therapy. When HER-2 Th1 immunity was compared in the pCR versus non-pCR group, it was found that higher retained Th1 immunity was independently associated with pCR \[[@R18]\]. Another study looked at disease recurrence in HER-2^pos^ invasive breast cancer patients previously treated with chemo plus trastuzumab. As before, higher retained Th1 immunity against HER-2 correlated with the better outcome, in this case longer disease-free survival \[[@R19]\]. Interestingly, when four patients with low anti-HER-2 Th1 immunity who did not experience pCR to chemotherapy plus trastuzumab were vaccinated with HER-2-pulsed IL-12-secreting dendritic cells, their anti-HER-2 immunity levels were restored to the range of healthy individuals \[[@R18]\]. In addition, we showed that Th1 cytokines plus the monoclonal antibody drug Trastuzumab worked cooperatively to sensitize HER-2-expressing tumors to lysis by HER-2-specific CTL *in vitro* \[[@R20]\]. Taken together, these studies indicate a critical role for Th1 immunity in the control of breast cancer, and also suggest the tantalizing possibility that boosting anti-HER-2 Th1 immunity could vastly improve responses to conventional therapy. However, a critical, unaddressed question posed by these studies is, by what possible mechanisms do Th1 cells promote immunity against HER-2^pos^ breast (and perhaps other) cancers?

One way that Th1 responses could participate in tumor control is through a process whose understanding evolved from Burnett's the original "immunosurveillence" hypothesis \[[@R21]\], and is known as "immunoediting" \[[@R12]\]. The immunoediting hypothesis poses that the adaptive immune system is capable of sculpting tumor phenoypes during the process of oncogenesis, and these influences occur in three phases \[[@R22]\]. The first is "elimination". As normal cells transform into cancerous ones, changes in gene expression can trigger immune responses capable of destroying all of the altered cells, protecting the body. However, if some malignant cells survive this attack, the "equilibrium" phase is entered. Here, constant immune pressure holds the transformed cells in check, even though it is incapable of destroying them outright. During this phase, the actual "immunoediting" occurs. Malignant cells that acquire, through genetic instability, the characteristics that allow them to resist immune destruction (e.g. antigen loss, acquired resistance to immune effector mechanisms, or acquired immunosuppressive qualities) begin to multiply and break containment. In the final phase, "escape", the malignant cells have acquired enough changes to allow them to multiply unchecked, and uncontrolled tumor growth results. Thus the immune system is complicit in selecting for the very tumor phenotypes it is incapable of destroying. Interestingly, IFN- γ and lymphocytes are thought to be critical for immunoediting \[[@R23], [@R24], [@R25], [@R26]\], and the cytokine IL-12 has been long known important for driving IFN-γ-secreting Th1 type lymphocytes \[[@R27]\].

In our previously-published clinical trial we used HER-2 peptide-pulsed, IL-12-secreting dendritic cells as vehicles for vaccinating against an early form of HER-2^pos^ breast cancer \[[@R8], [@R9], [@R10]\]. This vaccine induced strong, long-lasting Th1 immunity against HER-2, eliminated disease in 18% of subjects and also induced, in about half of the patients, strong loss of HER-2 expression in tumors excised after vaccination. Because our vaccine caused an apparent alteration in tumor phenotype (HER-2^pos^ to HER-2^neg^), under conditions known to be important in classical immunoediting (e.g. polarized type-1 responses), we termed the observed vaccine effect "targeted immunoediting" \[[@R10], [@R28]\]. We argued that the targeted immunoediting approach was beneficial, since HER-2 expression is associated with invasion and overall poor prognosis \[[@R29], [@R30], [@R31], [@R32]\], and its elimination left behind a residuum of disease with less aggressive characteristics. However, a possible alternate interpretation is that elimination of HER-2 expression is deleterious in the estrogen receptor-negative (ER^neg^) patient subpopulation, because the resulting ER^neg^/HER-2^neg^ phenotype is by definition "triple-negative", and part of a subset of tumors considered notoriously difficult to treat, since there are currrently fewer targeted treatment options for this phenotype \[[@R33]\].

The data generated in the present studies, however, suggest that we may have previously misidentified at least some portion of our vaccine effects as a form of induced, targeted immunoediting. True immunoediting should produce relatively stable alterations in tumor phenotype (e.g. antigen loss variants). The loss of HER-2 expression, though selective (EpCAM expression was not similarly affected), was shown to be quickly reversed if cytokines were withdrawn prior to full commitment to cell death ([Figure 5A](#F5){ref-type="fig"}), indicating a lack of stability in the HER-2^neg^ cellular phenotype. This observation instead implies that HER-2 expression can be simply regulated by the presence of certain cytokines, and HER-2 loss was somehow tied to the multistep process of programmed cell death. Indeed, we showed that SKBR3 cells analyzed after a 48-hour exposure to Th1 cytokines (a timepoint prior to maximal apoptotic cell death) displayed two distinct cell populations: One with high retained HER-2 expression, and one with diminishing HER-2 expression. For the tested SKBR3 cell line, the HER-2^hi^ population contained few apoptotic cells (7.3%) while the HER-2^lo^ population contained many (41.4%; [Figure 6](#F6){ref-type="fig"}). All things considered, it remains possible that vaccine effects could encompass both targeted immunoediting as well as the demonstrated cytokine-induced HER-2 downregulation phenomena.

But why should the expression of HER-2 or other HER-family members be tied to apoptosis? Cellular outputs of either proliferation or death are determined by input signals coming from growth factor (proliferation) or apoptotic (death) signaling pathways. If there are many growth factor/survival signals and few apoptotic signals, cells live and grow. If there are few growth factor/survival signals and many apoptotic signals, cells undergo programmed cell death. It is therefore perfectly reasonable that a cell entering the decision to undergo apoptosis would down-regulate growth factor receptors to eliminate conflicting signals that would hamper this process. The role of HER-2 in acting in opposition to apoptosis thorugh both intrinsic and extrinsic pathways is well documented and recently reviewed \[[@R34]\]. It is therefore not conceptually surprising that HER family members are down-regulated by apoptosis-inducing Th1 cytokines in both murine and human breast cancer lines. A somewhat unexpected finding, however, was the apparent timing of caspase-3 activation with respect to HER-2 loss. We originally anticipated that caspase-3 activation, being considered a later step in the commitment to cellular apoptosis, would occur after suppression of HER-2. In this scenario, HER-2 loss, perhaps regulated transcriptionally by Th1 cytokine exposure, would rob breast cancer cells of critical growth factor signaling, and hasten them toward apoptosis with eventual activation of caspase-3 as one of the final steps toward commitment to apoptosis. However, our finding that a caspase-3 activator (as a single agent) induced HER-2 down-regulation while a caspase-3 inhibitor prevented Th1 cytokine-induced HER-2 loss offers strong supporting evidence that caspase-3 activation precedes, rather than follows HER-2 down-regulation. Although inhibition of caspase-3 and subsequent prevention of HER-2 loss does not prove caspase-3 acts on HER-2 directly, previous studies by others have demonstrated multiple caspase cleavage sites on the cytoplasmic domain of HER-2, and that HER-2 can be digested by caspase-3 before becomming completely degraded in the proteasome \[[@R35]\]. Despite this, it should also be noted that we detected caspase-3 activation after only a 5 hour exposure to Th1 cytokines, but HER-2 loss does not begin to be detected until 48--7 2 hours after treatment. There may therefore be both direct and indirect roles for caspase-3 in the loss of HER-family surface expression as a consequence of Th1 cytokine exposure. The precise mechanisms of Th1 cytokine-induced changes in breast cancer cells clearly warrants further investigation.

An interesting and somewhat paradoxical finding was that HER-2 and perhaps HER-3 expression is associated with Th1 cytokine sensitivity, even though these RTKs are powerfully down-regulated by these same cytokines. This is evidenced by the fact that of the examined murine tumors, HER-2^pos^ TUBO and MMC15 cells undergo apoptosis in response to Th1 cytokines, while 4T1 cells (which expressed none of the rodent homologs for EGFR, HER-2 or HER-3) were very resistant. In addition, forced overexpression of HER-2 enhanced cytokine susceptibility in human breast lines \[[@R17]\]. The lack of sensitivity of 4T1 cells to Th1 cytokines was not a result of differential expression of cytokine receptors, since we showed via FACS analysis that both susceptible TUBO and resistant 4T1 stained comparably for TNF-α and IFN-γ receptors (Supplementary Figure 1). Despite differences in susceptibility to Th1 cytokines, the caspase-3 agonist PAC-1 induced comparable levels of apoptosis in both TUBO and 4T1 cells. This suggests that some factor farther upstream from this executioner caspase is responsible for the differences in Th1 cytokine susceptibility between these two cell lines. A possible explanation for the differences in susceptibility that accounts for the differential expression of HER-family members entails the concept of oncogene addiction \[[@R36]\]. Oncogene addiction describes a tumor cell's dependency upon the expression of an oncogene for its survial; eliminating the contribution of the addictive oncogene will result in a dramatic loss of cell viability. If the examined murine and human cell lines are addicted to the expression of the HER-2, then the Th1 cytokine-induced suppression of this oncogene constitutes an insult that cannot be tolerated if the suppression remains constant. In contrast, a cell line that expresses no HER-family proteins by definition cannot be addicted to these oncogenes. So long as other important oncodrivers outside the HER family are not eliminated by Th1 cytokine exposure, such tumor cells would be resistant to cytokine-induced cell death. Another posible explaination would be that expression of some HER family members alters intracellular signaling through some incompletely understood pathway that under the appropriate conditions actually promotes apoptosis. For example, it was recently demonstrated that a proteolytic fragment of HER-2 produced by caspase action can translocate to the mitochondria and initiate apoptosis via the intrinsic pathway \[[@R35]\]. This would explain why expression of HER proteins actually enhanced sensitivity to induced apoptosis.

It should be noted, however, that breast cancer cell lines display considerable heterogeniety in response to Th1 cytokines. Not all HER-expressing lines are equally sensitive to induced apoptosis, and not all lines that undergo apoptosis show strong HER loss. Such heterogeniety is also apparent in our HER-2 dendritic cell vaccine trials for DCIS \[[@R8], [@R9], [@R10]\] where 18.5% of subjects showed complete pathological responses (i.e. all observable tumor cells died) while other subjects showed apparent partial reductions in tumor volume, while still others showed no discernable reductions in disease at all. Furthermore, post-vaccine reductions in HER-2 expression in this trial were only seen for about half of the subjects with residual tumor. There are at least two possible explanations for such observations, which are not mutually-exclusive. The first possibility is that for some individuals, not enough Th1cytokines are available at the site of disease to mediate observable changes to the tumors. In our *in vivo* studies we endeavored to use physiologically-plausable cytokine concentrations, but it is difficult to know with certainty the true *in vivo* concentrations at sites of DCIS in vaccinated individuals. In addition, we have shown in other studies that T cells from vaccinated individuals that are stimulated with HER-2 recall peptides produce enough cytokines to induce caspase 3 activation of SKBR3 cells in a transwell assay \[[@R17]\], even when antigen-specific cells constitute less than 1% of the total T cells. This suggests that relatively few cells may be required to affect tumor death at a distance. The second possibility is that the pathways regulating cytokine, HER-2 and apoptotic signaling are somewhat variable from one cell line to another, and also between individual cancers. Although either of these possibilites are reasonable, we acknowledge the limitations of the present *in vitro* studies in determining with certainty the true mechanism of immune-mediated alterations in tumor cells, which may await future animal model studies to positively delineate. Nonetheless, it is apparent that the mechanisms of Th1 cytokine-mediated apoptosis warrants additional investigation as a likely mechanism contributing to the observed vaccine effects. Deliniation of these pathways will allow us to modify and improve our present vaccine therapy, perhaps by the addition of targeted drugs that will enhance cytokine effects by amplifying apoptotic signaling pathways, or further restricting growth factor signaling, thus increasing response rates to therapeutic vaccination.

Materials and Methods {#s4}
=====================

Reagents {#s4_1}
--------

Cytokines: Recombinant mouse and human IFN-γ and TNF-α were purchased from Peprotech (Rocky Hill, NJ, USA).

Caspase activators, inhibitors and antibodies: Procaspase-activating compound, PAC-1 was purchased from Tocris Bioscience (Avonmouth, Bristol UK), Caspase 3/7 inhibitor ((5-\[(S)-(+)-2-(Methoxymethyl)pyrrolidino\]sulfonylisatin), Caspase-1 inhibitor VI (Z-YVAD-Fmk), Caspase-1 p10 antibody, Caspase-3 antibody (H-277), Caspase-6 p10 antibody and Caspase-7 p10 antibody were obtained from Santa Cruz Biotechnology (Santa Cruz CA, USA). Actinomycin D was purchased from Sigma (St Louis, MO, USA) and cleaved caspase-3 (Asp175) antibody was purchased from Cell Signaling Technology (Danvers, MA, USA).

Antibodies and cellular stains: anti-rodent HER-2, FITC-labeled anti-mouse Ig and Alamar Blue were purchased from Sigma-Aldrich (St Louis, MO, USA), APC-labeled anti-human HER-2, FITC-AnnexinV and propidium iodide were obtained from BD biosciences (San Jose, CA, USA), APC-labeled Anti-human HER-3 and PE-labeled anti-mouse CD120a (TNF-αR1) were purchased from Biolegend (San Diego, CA, USA), PE-labeled anti-mouse CD119 (IFN-γR1), labeled IgG isotype controls, FITC-labeled anti-human EpCam and APC-labeled anti-mouse EpCam were obtained from eBioscience (San Diego, CA, USA), HRP-conjugated anti-mouse and anti-rabbit IgG were purchased from Santa Cruz Biotechnology (Santa Cruz CA, USA), anti-β-actin was obtained from Millipore (Billerica, MA, USA) and Trypan blue dye was purchased from Lonza Bio Whittaker (Allendale, NJ, USA).

Cell lines and culture {#s4_2}
----------------------

Murine breast cancer cell lines transgenic for rat ErbB2 (homolog to human HER-2, henceforward referred to as "rHER-2") TUBO (spontaneously arising from Balb-NeuT mice) and MMC15 (spontaneously arising from FVB-neu-N mice) were kind gifts of Drs. Guido Forni (University of Turin), and Li-Xin Wang (Cleveland Clinic), respectively. Murine 4T1, human HER-2^neg^/HER-3^pos^ MDA-MB-468 and human HER-2^pos^ SKBR3 breast cancer lines were obtained from the American Type Culture Collection (Manassas, VA, USA). 4T1 cells were obtained from the American Type Culture Collection (ATCC, Manassas, VA, USA). The human HER-2^neg^/HER-3^pos^ breast cancer cell line MDA-MB-468 was likewise purchased from ATCC, which authenticates their lines via short tandem repeat profiling. All lines were cultured in RPMI medium supplemented with 10% FBS except SKBR3, which was cultured in McCoy's medium. All lines were immediately cultured and expanded upon receipt with multiple aliquots re-frozen to establish short-passage stocks. Individual stock cultures were maintained in serial passage for no more than 6 months to minimize drift effects. Cultures were maintained by serial passage in 75 cm^2^ flasks (Corning) at 37°C 5% CO~2~. For individual experiments, cells were seeded in 24-well cluster plates and treated with various combinations of cytokines, caspase agonists and inhibitors. Cells were then harvested and subjected to analysis 24--9 6 hours later.

Alamar blue assay {#s4_3}
-----------------

Cells seeded into 24-well cluster plates were subjected to various treatments and cultured for 96 hours, after which 20 µl of 0.7 mg/ml stock concentration of Alamar Blue dye was added to each well. After approximately six hours additional incubation, the optical density of each well was read at 630 nm using a BioTek ELx800 spectrophotometer.

Trypan blue exclusion assay {#s4_4}
---------------------------

Viable cell counts were determined by harvesting treated cells at 24, 48, 72 and 96 hours and staining with Trypan Blue dye. Dye-excluding cells were observed microscopically using an Olympus CX2 inverted microscope and enumerated with the aid of a hemocytometer.

Photomicroscopy {#s4_5}
---------------

Cells were seeded in 24 well cluster plates, treated with various cytokine combinations or actinomycin D (positive control), and observed each day via phase contrast light microscopy and photographed at 24 and 96 hours using a Olympus CKX41 inverted microscope at total magnification of 100×, using a Hamamatsu camera and Cell Sens software.

Apoptosis assays {#s4_6}
----------------

AnnexinV/PI assay staining: Cells were seeded in 24 well cluster plates and treated with cytokines in presence or absence of PAC-1. Cells were then harvested at 24, 48, 72 and 96 hours post-treatment. Harvested cells were washed and resuspended in FACS buffer (PBS + 1% FBS + 0.01% sodium azide), and stained with FITC-AnnexinV (4 µl) and PI (2 µl). Cells were incubated at 4°C for 20 min, washed and subjected to flow cytometry using an Amnis Flow Sight flow cytometer and analyzed by IDEAS analysis suite V6.0. Cells exhibiting AnnexinV^pos^/PI^pos^ phenotype were defined as apoptotic.

TUNEL assay {#s4_7}
-----------

Apoptotic cells were detected using Flow TACS^TM^ Apoptosis Detection Kit (Trevigen, Gaithersburg, MD, USA) according to manufacturer's protocol. Briefly, cells were seeded in 24 well cluster plates and treated with cytokines. Cells were harvested at 72 and 96 hours post-treatment and then incubated in labeling buffer with terminal deoxynucleotidyl transferase (TdT) and biotinylated nucleotides. After washing, cells were incubated with Streptavidin-Fluorescein solution and analyzed by flow cytometry using an Amnis Flow Sight flow cytometer running IDEAS analysis software.

Detection of surface expression of HER-family proteins {#s4_8}
------------------------------------------------------

Harvested cells were washed and resuspended in 50 ul FACS buffer (PBS + 1% FBS + 0.01% sodium azide) to prepare them for staining with specific antibodies or their isotype-matched controls. Murine tumor lines were incubated with unconjugated murine anti- rodent HER-2 antibody followed by FITC-conjugated anti-mouse secondary antibody, or stained directly with APC-conjugated anti-EpCAM, PE-conjugated IFN-γR or PE-conjugated TNF-αR1.Human cell lines were stained with APC-conjugated anti HER-2 or anti-HER-3 antibody. Stained cells were incubated at 4°C for 30min, washed and analyzed for HER-2 expression by flow cytometry using an Amnis Flow Sight flow cytometer and IDEAS analysis software.

Western blot analysis {#s4_9}
---------------------

TUBO and 4T1 cells were seeded in 6-well cluster plates at a density of 5 × 10^4^cells/well in RPMI-1640 media supplemented with 10% FBS and treated with IFN-γ and TNF-α, or no treatment as negative control. Positive control was treated with the pro-apoptotic agent, actinomycin D (10 µM). The plates were then incubated at 37°C for 5 hours. Cells were harvested by trypsinization, washed with ice-cold PBS and resuspended in cold RIPA extraction buffer containing protease and phosphatase inhibitors. The cells were incubated on ice for 30 min and then centrifuged at 14,000 × g for 20 min at 4°C to obtain a clear extract. The total concentration of protein was determined by Bradford assay. Total protein (30 μg) of each lysate was loaded onto 10% polyacrylamide gels (Biorad) and separated by electrophoresis. After electrophoresis, the proteins were electrotransferred onto nitrocellulose membranes, and the membranes were blocked using 1% BSA for one hour. Membranes were then incubated with primary antibodies (cleaved caspase-3 (Asp175), procaspase 1, procaspase 3, procaspase 6 and procaspase 7, and β-actin) at 4°C overnight. Subsequently, the membrane was washed with TBST (0.05% Tween-20 in TBS) and incubated with corresponding anti-mouse or anti-rabbit immunoglobulin G-horseradish peroxidase-conjugated secondary antibody for one hour at room temperature. The membranes were then washed again with TBST. Protein bands were visualized using enhanced chemiluminescence (ECL) detection kit (Pierce) and GE Luminescent image analyzer using Image Quant LAS4000 software. Protein band intensities were analyzed quantitatively with ImageJ.

Statistical analysis {#s4_10}
--------------------

Quantitative data are presented as means ± SEM. The significance of difference was evaluated with the one-way ANOVA test. A *p* value of \</=0.05 was considered statistically significant. Statistical analyses were performed in SPSS version 22 (IBM Corp).

SUPPLEMENTARY MATERIALS {#s5}
=======================
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